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Abstract 

The  objective  of  this  review  paper  is  to  present  a  summary  of  the  specific  contributions  in  the  field  of  fuel  processing,  particularly,  outlines  various 
developments  involving  catalytic  reforming  of  a  range  of  fuels  for  the  development  of  an  efficient  fuel-processing  unit  for  syngas  production  in 
fuel  cell  applications.  Two  major  topics  are  discussed  (i)  the  basic  reactions  involved  in  each  of  the  processes  and  (ii)  various  catalyst  systems  that 
have  been  tested.  A  final  short  section  offers  some  new  possible  routes  for  future  research. 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

The  use  of  fuel  cells  for  electric  power  generation  has 
immense  potential  since  they  offer  efficiency  and  the  environ¬ 
mental  and  operational  benefits  better  than  those  obtained  from 
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conventional  technologies  [1].  Hydrogen,  the  fuel  for  fuel  cells 
can  be  stored  in  suitable  storage  devices  or  produced  on-board 
by  the  catalytic  reforming  process.  Hence,  there  is  great  interest 
in  converting  hydrocarbons  and  oxygenated  hydrocarbons 
into  hydrogen.  Frieghtliner  Inc.  has  successfully  demonstrated 
on-board  steam  reforming  of  methanol  for  auxiliary  power 
applications  in  trucks  in  2003  [2].  Ballard  makes  fuel  cells 
which  have  been  used  experimentally  by  several  car  makers,  and 
were  most  convincingly  demonstrated  recently  by  Daimler’s 
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NECAR  II,  based  on  a  Mercedes  V-class  MPV.  Now  Daimler 
has  NEBUS,  a  fuel-celled  powered  bus,  in  regular  service 
around  Stuttgart,  Germany  [3]. 

The  process  of  converting  petroleum  fuels  to  hydrogen-rich 
gas  products  that  have  been  developed  in  the  past  generally  fall 
into  one  of  these  classes  -  steam  reforming  (SR),  partial  oxida¬ 
tion  (POX),  autothermal  reforming  (ATR),  dry  reforming  (DR) 
or  a  combination  of  two  or  more.  Despite  their  advantages,  each 
of  these  processes  has  barriers  such  as  design,  fuel,  and  operat¬ 
ing  temperature.  A  range  of  fuel  cell  systems  and  common  fuel 
reforming  methods  have  been  reviewed  by  Larminie  and  Dicks 
[4],  Hirschenhofer  et  al.  [5],  The  choice  of  reforming  processes 
for  producing  fuel-cell  feeds  of  the  necessary  quality  has  been 
thermodynamically  analyzed  using  different  fuels  [6].  Similarly, 
the  challenges  and  opportunities  of  various  fuel  reforming  tech¬ 
nologies  for  application  in  low  and  high-temperature  fuel  cells 
have  been  thoroughly  reviewed  [7]. 

The  design  of  a  fuel  reforming  catalyst  is  a  difficult  undertak¬ 
ing.  Weight,  size,  activity,  cost,  transient  operations,  versatility 
to  reform  different  fuels/compositions,  catalyst  durability  and 
fuel  processor  efficiency  are  critical  considerations  for  both 
stationary  and  automotive  fuel  cell  applications.  A  desirable 
catalyst  is  one  which  catalyzes  the  reaction  at  low  tempera¬ 
tures,  is  resistant  to  coke  formation,  and  is  tolerant  of  different 
concentrations  of  poison  (e.g.  sulfur,  halogens,  heavy  metals, 
etc.)  for  extended  periods  of  time.  The  trends  in  fuel  pro¬ 
cessor  development  with  respect  to  the  catalyst  development 
for  various  steps  involved  in  the  generation  of  fuel  cell  grade 
hydrogen  has  been  extensively  discussed  in  a  previous  paper 
published  in  the  year  2002  [8].  The  goal  of  the  present  paper 
is  to  review  and  discuss  some  of  the  latest  achievements  in 
the  catalyst  development  (after  year  2002),  particularly,  reform¬ 
ing  catalysts  to  generate  hydrogen  from  different  fuel  sources. 
The  type  of  substrate  used  to  support  the  washcoat  and  cat¬ 
alyst  is  known  to  significantly  impact  catalyst  performance, 
however,  the  present  article  discusses  only  about  the  reforming 
chemistry  on  different  metals  and  supports  and  the  interaction 
between  the  gases  and  the  catalyst  interface  and  the  influence  of 
promoters. 

2.  Basic  reactions  involved 

The  process  of  converting  different  fuels  to  hydrogen-rich  gas 
products  have  been  widely  examined  analyzed  and  implemented 
in  fuel  reforming. 

2.1.  Steam  reforming 

Steam  reforming  (SR)  has  the  highest  efficiency  for  hydrogen 
production.  However,  SR  is  an  endothermic  reaction  and  so  an 
external  source  of  heat  is  needed. 

2.2.  Partial  oxidation  reforming 

Catalytic  partial  oxidation  (exothermic,  POX)  and  CO2 
reforming  (endothermic,  dry  reforming  (DR))  have  also  been 
investigated. 


Table  1 

Heats  of  reaction  corresponding  to  the  dry  reforming  (DR)  of  different  fuels 


Feed 

Products 

A/ZJgg  (kJ/mol) 

ch4 

C,  2H2 

74.8 

ch4,  C02 

2CO,  2H2 

247.3 

11CH4,  502,C02 

22H2,  12CO 

-9.92 

C3H8,  3C02 

6CO,  4H2 

150.567 

2.3.  Autothermal  reforming 

The  ideal  fuel  processor  should  combine  the  advantages  of 
CPOX  and  SR/DR  to  avoid  complicated  heat  exchange.  Hydro¬ 
gen  production  using  autothermal  reforming  (ATR),  which  is  a 
combination  of  SR  and  POX  reactions,  has  recently  attracted 
considerable  attention  due  to  its  higher  energy  efficiency  than 
other  processes  and  also  as  a  low  investment  process  using  a 
simple  system  design  [9].  The  ATR  is  a  stand-alone  process  in 
which  the  entire  hydrocarbon  conversion  is  carried  out  in  one 
reactor  with  out  the  necessity  of  having  to  implement  an  efficient 
heat  transfer  method  between  the  endothermic  and  exothermic 
reactions. 

2.4.  Hydrogen  source 

Various  fuels  have  been  investigated  for  ID  generation  by 
reforming  technologies  for  fuel  cell  systems.  Suitable  fuels 
include  gaseous  hydrocarbons  (HC)  such  as  methane,  propane, 
LPG,  butane  [10]  and  liquid  HCs  such  as  alcohols  [11],  gaso¬ 
line  [12,13],  diesel  [14,15],  and  JP8  [15,16].  The  selection  of 
hydrogen  source  (fuel)  for  a  particular  application  depends  on 
technical  and/or  economic,  political  factors. 

The  basic  reactions  involved  in  each  of  the  processes  men¬ 
tioned  above  are  separately  presented  here.  The  first  two  columns 
listed  in  Tables  I  -4  represent  the  feed  stream  and  product  stream 
components  respectively  and  the  last  column  lists  the  heat  of 
reaction  for  each  of  the  reactions  mentioned.  DR,  POX,  SR, 
and  ATR  reactions  involving  a  range  of  fuels  are  represented  in 
Tables  I  -4.  respectively.  It  has  to  be  noted  that  the  product  set 
mentioned  in  Table  4  only  represents  the  equilibrium  composi¬ 
tion  for  x  and  n  values  presented. 

The  following  sections  discuss  various  catalyst  systems  that 
have  been  developed  for  reforming  different  types  of  fuels  over 

Table  2 


Heats  of  reaction  corresponding  to  the  partial  oxidation  (POX)  of  different  fuels 


Feed 

Products 

A  7T2°98  (kJ/mol) 

ch4 

C,  2H? 

74.8 

CH4,(l/2)02 

CO.  2H2 

-35.7 

CH4,  202 

C02,  2H20 

-802 

CH4,  (3/2)02 

CO,  2H20 

-519 

CH3OH 

CO,  2H2 

89.2 

CH3OH,  (l/2)02 

C02,  2H2 

-152 

CH3OH,  (3/2)02 

C02,  2H20 

-677 

CgHig  (gasoline),  402 

8CO,  9H2 

-659.9 

C8H18,  12.502 

8C02,  9H20 

-5100.2 
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Table  3 

Heats  of  reaction  corresponding  to  the  steam  reforming  (SR)  of  different  fuels 


Feed 

Products 

A//j98  (kJ/mol) 

ch4,  h2o 

CO,  3H2 

206.2 

CH4,  2H20 

C02,  4H2 

165.1 

ch4,  co2 

2CO.  2H2 

274 

ch3oh,  H20 

C02,  3H2 

49.6 

C2H6.  2H20 

2CO,  5H2 

347.3 

c2h5oh,  h2o 

2CO.  4H2 

255.8 

C2H5OH,  3H20 

2C02,  6H2 

173.4 

c2h5oh,  co2 

3CO,  3H2 

297 

C3H8,  3H20 

3CO,  7H2 

497.7 

C8H18,  8H20 

8CO,  17H2 

1247.8 

C8H18,  8C02 

16CO,  9H2 

1604 

the  past  few  years,  classified  in  to  gaseous  hydrocarbons,  liquid 
hydrocarbons  and  oxygenated  hydrocarbons. 

3.  Reforming  of  light  hydrocarbons 

Syngas  (CO  +  H2)  production  via  the  reforming  of  lighter 
hydrocarbons  such  as  natural  gas,  methane,  ethane,  propane,  etc. 
is  well  studied  and  there  have  been  a  number  of  studies  involving 
catalytic  improvements  such  as  the  effect  of  additives,  catalyst 
modifiers  and  promoters  are  discussed  below.  A  review  based  on 
theoretical  and  experimental  studies  was  discussed  in  the  past 
[8,17,18], 

3.1.  Methane 

Carbon  dioxide  reforming  of  gaseous  hydrocarbons  has  been 
a  popular  method  for  syngas  production  and  a  number  of  cat¬ 
alytic  systems  involving  both  precious  and  non-noble  metals 
have  been  investigated.  The  reaction  behavior  and  carbon  depo¬ 
sition  during  the  CO2  reforming  of  methane  was  investigated 
over  AI2O3  -supported  Co  catalysts  as  a  function  of  metal  loading 
(6-9wt.%)  and  calcination  temperature  (500-1000  °C).  It  was 
found  that  the  stability  of  these  catalysts  was  strongly  depen¬ 
dent  on  the  Co  loading  and  calcination  temperature  [19].  Stable 
activities  were  found  when  a  balance  between  carbon  formation 
and  its  oxidation  could  be  achieved. 

Modification  of  cobalt  catalysts  supported  on  different  metal 
oxides  by  additives  such  as  alkaline-earth  metal  oxides  and  noble 
metals  such  as  Pt,  Ni  and  Ru  showed  a  major  improvement  on 
the  catalytic  stability  by  decreasing  both  the  metal  oxidation  and 
coke  deposition  [20-22]  during  dry  reforming  of  methane. 


Unsupported  and  supported  molybdenum  carbide  catalysts 
(5^-0  wt.%  M02C)  were  also  utilized  in  the  dry  and  steam 
methane  reforming  reactions  that  showed  similar  performance 
as  that  of  precious  group  metal  catalysts  [23] .  A  strong  electronic 
interaction  between  molybdenum  carbide  and  zirconia  support 
was  attributed  to  the  improved  activity  and  stability  of  these  cat¬ 
alysts  [23-25].  Over  supported  catalysts,  CO2  activation  would 
take  place  at  the  vicinity  of  M02C  and  Zr02,  and  the  chance  for 
oxidation  of  carbide  may  decrease.  Also  the  rate  determining 
step  would  be  the  dissociation  of  methane,  the  chance  of  poly¬ 
merization  of  inactive  carbon  may  also  decrease.  These  are  the 
reasons  that  the  supported  catalysts  are  more  stable  and  durable 
for  dry  reforming  reaction  [23].  Most  of  these  reactions  were 
reported  at  relatively  higher  temperatures  (>900  °C)  and  lower 
space- velocities  (5000-10000  h-1)  compared  to  other  catalytic 
systems. 

Effect  of  promoters  such  as  Cu,  La,  Mo,  Ca,  Ce,  Y,  K,  Cr,  Mg, 
Mn,  Sn,  V,  Rh,  Pd  and  their  combinations  was  investigated  for 
improving  the  stability  of  Ni  catalysts  supported  on  alumina  for 
methane  reforming  using  a  combination  of  CO2  and/or  steam 
and/or  O2.  All  these  promoters  were  reported  to  show  a  posi¬ 
tive  effect  on  the  activity  and  stability  of  nickel  catalysts  either 
by  decreasing  the  metal  sintering  and/or  coke  deposition  or  by 
increasing  the  metal  dispersion  resulting  in  an  intimate  contact 
between  the  reacting  gases  and  metal/support  of  the  catalyst 
[26-44], 

Platinum  and  rhodium  based  catalysts  supported  on  alumina 
promoted  by  an  oxygen  ion  conducting  promoter  such  as  ceria  or 
zirconia  was  also  reported  to  improve  the  catalytic  activity  and 
stability  for  dry  reforming  of  methane  in  the  temperature  range 
of  500-850  °C.  The  activity  enhancement  was  ascribed  to  the 
high  dispersion  of  zero-valent  metal  resulting  in  an  increased 
metal-support  interface  area  and  increased  oxygen  mobility 
[45-50], 

The  catalytic  activity  of  Ni  supported  on  clinoptilolite  with 
varying  Ni  loadings  was  studied  and  the  results  showed  that  at 
700  °C,  8  wt.%  Ni/clinoptilolite  gave  the  highest  activity  during 
dry  reforming  of  methane  with  remarkable  stability  of  >100h 
[44]. 

Steam  reforming  of  methane  on  supported  nickel  catalysts 
with  different  promoters  has  been  studied  by  many  workers 
[51-54],  Some  additives  such  as  ceria  have  been  reported  as 
effective  in  suppressing  carbon  deposition  during  methane, 
ethane  and  propane  steam  reforming  [55,56],  For  example,  alka¬ 
line  earth  oxides  were  added  to  reduce  carbon  deposition  [57]. 
Effects  of  supports  such  as  silica,  alumina,  and  zirconia  for  nickel 


Table  4 

Heats  of  reaction  corresponding  to  the  autothermal  reforming  (ATR)  of  different  fuels 


Feed 

Products 

A/TCjg  (kJ/mol) 

CH4,  x/202,  (1  —  jc)H20 

CO,  (3  —  x)H2 

206.2  —  241.8  x  x 

C8Hi8,x02,  (16  —  2x)H20 

8C02,  (25  -  2x)H2 

165.8  —  572  x  x 

CH3OH,  x02,  (1  -  2x)H20 

C02,  (3  -  2x)H2 

131 -572  xx 

C2H5OH,  0.61O2,  1.8H20 

2C02,  4.784H2 

0 

C„Hm0o,  x02,  (2 n  —  2x—  0) H20 

nCC>2,  (2 n  —  2 x  —  o  +  m/2)H2 

nAH{tCo2  -  (-n  —  2x  —  o),  A//f,H2o  -  A//fifuei 
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catalysts  have  been  studied  in  steam  reforming  of  methane  at  low 
temperatures,  500  °C  compared  to  the  usual  conditions  of  above 
700  °C.  Decomposition  of  methane  on  nickel  surface  is  believed 
as  a  first  step  of  the  steam  reforming  of  methane;  then  the  car¬ 
bon  species  formed  on  the  surface  react  subsequently  with  steam 
or  surface  oxygen  species.  It  was  shown  that  zirconium  oxide, 
which  can  absorb  water  at  500  °C,  is  an  effective  support  and 
surface  hydroxyl  groups  contribute  significantly  to  the  steam 
reforming  at  500  °C  [58], 

Oha  et  al.  have  proposed  a  highly  active  Ni/Ce-ZrCA/O- 
AI2O3,  catalyst  for  on-site  H2  generation  by  steam  methane 
reforming  to  address  the  catalyst  deactivation  at  higher  temper¬ 
atures.  This  catalyst  showed  stable  activity  for  more  than  250  h 
and  the  study  on  the  effect  of  operating  conditions  during  the 
reactor  start  up  revealed  that  higher  alumina  content  in  the  cat¬ 
alyst  in  presence  of  excess  steam  can  lead  to  the  formation  of 
inactive  Ni AI2O4  phase  [59]. 

3.2.  Ethane ,  propane  and  butane 

PGM  catalysts  for  steam  reforming  of  methane,  propane  and 
butane  were  reported  by  a  number  of  researchers  and  the  main 
components  in  the  catalyst  involved  Pt,  Ni,  Pd,  Rh  and  sev¬ 
eral  combinations  in  a  bimetallic  (e.g.  Pt-Ni)  and  trimetallic 
phase  (e.g.  Pt-Pd-Rh).  These  catalysts  were  supported  on  an 
alumina  phase  promoted  by  an  oxygen  ion  conductor  like  ceria 
and  coke  suppressants  such  as  magnesium,  calcium  or  potas¬ 
sium.  The  main  factor  for  improved  performance  in  all  the  cases 
was  the  presence  of  a  synergistic  interaction  between  metallic 
sites  [60-62]. 

The  addition  of  oxygen  in  the  steam  reforming  reaction  of 
gaseous  hydrocarbons  (methane,  ethane,  propane,  LPG,  butane) 
was  also  explored  in  several  investigative  studies.  The  amount 
of  oxygen  was  controlled  in  order  to  make  the  reaction  self 
sustaining  as  in  the  case  of  autothermal  reaction.  Other  meth¬ 
ods  involved  combining  steam,  oxygen  and  carbon  dioxide  in 
various  proportions  for  reforming  the  lighter  hydrocarbons  (tri¬ 
reforming).  The  main  component  in  the  oxidative  reforming 
reactions  was  nickel  promoted  by  small  quantities  of  noble  met¬ 
als  such  as  Pt,  Pd,  Ir,  Rh,  and  Ru.  Similar  to  the  other  catalytic 
systems  discussed  above,  solid  solutions  of  Zr02  or  alumina  with 
alkaline  earth  oxide  and/or  rare  earth  oxide  were  utilized  in  the 
autothermal  reaction  to  enhance  the  overall  stability  and  activ¬ 
ity  [63-68].  Most  of  the  proposed  catalysts  showed  the  highest 
selectivity  to  hydrogen  relative  to  the  fuel  converted  at  temper¬ 
atures  above  700  °C. 

Jing  et  al.  have  reported  the  usage  of  SrO  (10  wt.%)  promoted 
Ni/SiCF  catalyst  for  combined  partial  oxidation  and  dry  reform¬ 
ing  of  methane  and  ethane  for  enhanced  activity  and  stability 
against  sintering  and  coking  attributed  to  a  metal-support  inter¬ 
action  (SMSI)  [69].  Similar  catalytic  studies  were  also  reported 
on  a  Rh  catalyst  supported  on  a  Mg-Al  mixed  metal  oxide.  Based 
on  this  study,  a  novel  and  sufficiently  general  concept  for  fabri¬ 
cating  mono-  and  multi-component  heterogeneous  catalysts  for 
various  reactions  catalyzed  by  metals  and/or  metal  oxides  sup¬ 
ported  on  Mg-Al  mixed  oxide  was  proposed.  Also,  it  was  shown 
that  amount  of  metal  could  be  lowered  from  2.0  to  0.1%  of  the 


weight  of  support  which  was  resistant  to  coke  formation  at  stoi¬ 
chiometric  steam/carbon  ratio  of  1  for  over  14  h  time-on-stream 
with  no  sign  of  deactivation  or  decrease  in  catalytic  activity  or 
in  selectivity  to  syngas  product  [70]. 

Attention  has  been  increasingly  paid  to  the  partial  oxidation 
(POX)  of  lower  alkanes  to  synthesis  gas,  due  to  its  intrinsic 
energy  saving  process.  The  partial  oxidation  of  ethane  (POE)  on 
Co  loaded  on  various  supports  was  recently  reported  and  the  per¬ 
formance  varied  as  follows:  Y2O3,  Ce02,  Zr02,  La203  >  Si02, 
AEO3,  Ti02  >MgO.  Ce02  was  the  most  preferable  support  and 
the  mechanism  included  combustion  of  ethane  to  H2O  and  CO2 
and  subsequent  reforming  of  ethane  with  H2O  and  CO2  to  syn¬ 
thesis  gas  [71]. 

4.  Reforming  of  higher  hydrocarbons 

Krumplet  et  al.  have  reviewed  the  development  of  new 
reforming  catalysts.  Accordingly,  they  have  developed  many 
reforming  catalysts  supported  on  an  oxide-ion-conducting  sub¬ 
strate  (Ce,  Zr,  La)  doped  with  non-reducible  element  (Gd, 
Sm,  etc.).  Also  reported  was  the  activity  of  different  tran¬ 
sition  metals  (Fe,  Cu,  Co,  Ag,  Ru,  Ni,  Pt,  Pd,  Rh)  [72] 
for  converting  Ao-octane  in  to  hydrogen  rich  products.  All 
metals  exhibited  100%  conversion  above  700  °C  at  condi¬ 
tions  of  O/C  =  0.46  (oxygen-to-Ao-octane  molar  ratio  of  3.7), 
H20/C=  1.14,  and  GHSV  =  3000h“1.  Below  600°C,  conver¬ 
sion  drops  more  swiftly  for  first-row  transition  metals  (partic¬ 
ularly  Ni  and  Co)  than  for  second-row  (Ru)  and  third-row  (Pt, 
Pd).  The  second  and  third-row  transition  metals  exhibit  a  higher 
H2  selectivity  (>60%)  than  the  first-row  transition  metals  at  tem¬ 
peratures  above  650  °C. 

The  contribution  of  lattice  oxide  ion  has  been  reported  for 
the  oxidation  reactions  over  metal  oxide  catalysts.  Migration 
of  oxide  ion  is  recognized  through  diffusion  depending  on  the 
defect  structure  of  metal  oxide  catalyst.  The  theory  of  oxygen 
bank  function  including  migration  of  oxide  ion  through  bulk 
diffusion  has  been  shown  to  improve  the  catalytic  activity  and 
stability  [73]. 

Hydrogen  supply  to  a  PEFC  by  reforming  kerosene  fuel  has 
been  investigated  and  reported  by  Fukunaga  et  al.  [74].  They 
have  developed  a  kerosene  fuel  processing  system  involving  a 
Ni-based  sulfur  adsorbent  (lifetime  >  4000  h)  and  a  proprietary 
reforming  catalyst  with  a  catalyst  life  of  about  12,000  h  at  the 
conditions  of  outlet  temperature:  730  °C;  S/C  molar  ratio:  3; 
LHSV:  0.5  h-1. 

The  application  of  ceria  based  catalysts  for  steam  reforming 
a  range  of  hydrocarbons  (Ci,  C2,  «-C4,  n-Q,,  n- Cg,  dimethyl 
hexane,  cyclohexane,  benzene,  and  toluene)  has  been  reported 
by  Wang  and  Gorte  [75],  accordingly,  ceria  supported  precious 
metals  showed  superior  performance  for  steam  reforming  of  liq¬ 
uid  fuels,  compared  to  the  ones  supported  on  alumina.  Similar 
results  have  been  reported  for  Pt  based  catalysts  loaded  on  ceria 
and  alumina  [16].  The  transfer  of  oxygen  from  the  ceria  support 
to  metal  has  been  shown  to  catalyze  oxidation,  steam  reform¬ 
ing  and  improve  the  water-gas  shift  (WGS)  activities  of  the 
supported  catalyst.  It  was  also  proposed  that  a  ceria-zirconia 
mixed  oxide  may  offer  much  higher  activity  compared  to 
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ceria  alone,  possibly  due  to  a  higher  reducibility  of  the  mixed 
oxide  [76]. 

A  catalyst  deactivation  model  has  been  developed  and 
reported  based  on  a  nickel  catalyst  for  steam  reforming  of  higher 
hydrocarbons  in  a  circulating  fluidized  bed  membrane  reformer 
with  and  without  hydrogen  selective  membranes.  An  engineered 
control  approach  with  in-site  control  for  carbon  deposition  free 
region  with  a  minimum/critical  steam-to-carbon  (S/C)  ratio  dur¬ 
ing  heptane  steam  reforming  has  been  proposed.  The  overall 
mathematical  model  included  random  carbon  deposition  and 
catalyst  deactivation  models  [77],  Simulations  showed  that  hep¬ 
tane  tends  to  form  carbon  (deposition)  at  S/C  ratios  below  1.4 
at  operating  temperatures  above  700  K  agreeing  well  with  the 
experimental  data  [78]  and  the  proposed  model  shows  promise 
for  designing  other  reformers. 

Wang  et  al.  have  recently  developed  and  reported  novel  cat¬ 
alysts  for  liquid  hydrocarbon  (heptane)  steam  reforming  which 
showed  much  higher  activities,  resistance  against  coking  and 
sulfur  poisoning  compared  to  the  traditional  Ni/AhOi  catalysts. 
The  use  of  zeolites,  particularly  cerium  doped  ZSM-5  as  the  cat¬ 
alyst  support  instead  of  alumina  showed  great  improvement  in 
the  activity  and  sulfur  tolerance  of  nickel  catalyst.  Addition  of  a 
second  metal  (Co,  Mo,  Re,  Pd)  to  the  Ni-alumina  catalyst  also 
resulted  in  better  activity  and  stability  at  much  lower  operat¬ 
ing  temperatures  [79-81].  Similarly,  Ming  et  al.  of  Innovatek 
have  also  proposed  a  novel  catalyst  for  steam  reforming  various 
hydrocarbons  such  as  natural  gas,  iso-octane,  retail  gasoline,  and 
hexadecane.  Their  proprietary  catalyst  showed  great  stability  in 
presence  of  significant  amounts  of  sulfur  and  also  no  carbon 
deposition  or  coking.  A  variant  of  this  catalyst  also  resulted 
in  total  CO  concentrations  less  than  1%  during  the  tests  for 
water-gas  shift  reaction  [82]. 

The  performance  of  bimetallic  catalysts  based  on  noble  met¬ 
als  for  autothermal  reforming  of  synthetic  diesel  and  JP8  fuel  has 
been  presented.  Accordingly,  it  was  deduced  that  the  addition  of 
a  second  metal  such  as  Pd,  Ni  not  only  improves  the  activity  of 
Pt-ceria  catalysts,  but  also  provides  high  resistance  to  deactiva¬ 
tion  due  to  sulfur  poisoning  at  the  conditions  of  H2O/O2/C  molar 
ratio  of  2. 5/0. 5/1,  reactor  temperature  of  400  °C,  and  GHSV 
of  17000  h  .  Characterization  of  these  formulations  showed 
that  the  enhanced  stability  is  due  to  a  strong  metal-metal  and 
metal-support  interaction  in  the  catalyst.  The  improved  perfor¬ 
mance  of  these  bimetallic  catalysts  was  attributed  to  structural 
and  electronic  effects  rather  than  the  degree  of  metal  dispersion 
[16]. 

The  partial  oxidation  reforming  of  /so-octane  was  performed 
over  a  Ni-based  catalyst  supported  on  MgOM.1203.  It  was 
reported  that  a  N  i / M / M  g 0/ A 1 2 O 3  catalyst  was  more  active 
than  the  other  catalyst  formulations  in  the  POX-reforming 
of  iso-octane,  particularly,  N i / 1 ;e / M g O / A 1 2 O 3  catalyst  showed 
enhanced  sulfur  tolerance  over  the  commercial  ICI  catalyst  [83] 
at  a  reaction  temperature  of  700  °C,  space  velocity  =  8776  h  , 
feed  molar  ratios  of  H2O/C  =  3  and  O/C  =  1.  It  was  also  recom¬ 
mended  that  the  modified  Ni/(Co,Fe)/MgO/Al203  system  may 
be  used  as  a  substitute  to  the  commercial  reforming  catalyst  for 
fuel  cell-powered  vehicles.  XRD  characterization  showed  the 
crystal  structures  of  NiO,  MgAB04  and  FeAl204  in  their  cata¬ 


lyst;  however,  no  reasons  were  suggested  for  the  improvement 
in  the  activity  of  these  catalysts. 

Other  bimetallic  catalysts  that  were  tested  for  Ao-octane 
reforming  included  Ni-W,  Ni-Mn  and  Rh-Ce  supported  on  alu¬ 
mina  mesh  for  generation  of  hydrogen-rich  gas  [84].  This  study 
utilized  a  novel  spray-pulse  reactor  with  hybrid  plasma-catalytic 
systems  [85].  The  Rh-Ce  catalyst  exhibited  the  highest  activ¬ 
ity,  as  compared  to  Ni-Mn  and  Ni-W.  The  alternate  wet  and 
dry  conditions  created  on  the  catalyst  using  pulse  spray  feed  of 
Ao-octane  at  600  °C  yielded  twice  the  amount  of  hydrogen  com¬ 
pared  to  the  continuous  liquid  feed  condition.  This  improvement 
is  very  important  considering  the  fact  that  the  steam  to  carbon 
ratio  used  in  their  study  was  close  to  stoichiometry. 

Steam  reforming  of  gasoline  to  produce  hydrogen  was  stud¬ 
ied  by  employing  nickel  based  catalysts  to  inhibit  the  catalyst 
deactivation  while  controlling  the  selectivity  to  form  CO2  as 
opposed  to  CO.  The  alumina  based  Ni  catalyst  was  modified 
by  a  second  metal  (Mo,  Re)  and  the  CO2  selectivity  improved 
vastly  on  Ni-Re/ ABO3  by  coupling  the  WGS  reaction  with  SR. 
The  multifunctional  Ni-Re  catalyst  also  showed  good  tolerance 
to  sulfur  poison  compared  to  Ni-Mo  catalyst,  this  unique  role 
was  attributed  to  the  formation  of  Ni-Re  alloy  during  the  synthe¬ 
sis  and  the  sulfur  tolerance  due  to  the  formation  of  S-Re  binds. 
It  was  also  reported  that  the  addition  of  ZSM-5  also  enhanced 
the  performance  of  these  catalysts  [86].  Autothermal  reforming 
of  gasoline  to  produce  hydrogen  was  extensively  studied  using 
different  metals  and  supports  utilizing  perovskites  [87]. 

Reforming  of  diesel  oil  in  supercritical  water  using  commer¬ 
cial  Ni-based  catalysts  for  fuel  cell  applications  has  been  studied 
and  reported.  This  process  was  showed  to  generate  hydrogen  at 
temperatures  lower  than  the  conventional  industrial  reforming 
processes  [88].  Steam  reforming  [89]  and  autothermal  reform¬ 
ing  [90,9 1  ]  of  diesel  fuel  on  precious  group  metal  based  catalysts 
was  reported  by  a  number  of  researchers  and  it  was  shown  that 
oxygen-ion  conducting  support  shows  superior  performance 
compared  to  alumina.  JP8  and  synthetic  diesel  reforming  for 
applications  in  both  SOFC  and  PEFC  was  reported  more  recently 
[92-95], 

The  activity,  durability  and  hydrogen  selectivity  of  alumina- 
supported  nickel  or  platinum  catalysts  doped  with  a  thermal 
stabilizer  and  activity  promoter,  such  as  lanthanum  and  cerium 
oxide,  respectively,  were  studied  [94].  The  participation  of  lan¬ 
thanum  in  the  reaction  was  attributed  to  the  improved  perfor¬ 
mance  of  Pt-based  catalysts.  Conversely,  in  the  case  of  Ni-based 
catalysts,  a  lower  carbon  deposition  and  a  higher  thermal  sta¬ 
bility  of  metallic  Ni  particles  under  reaction  conditions  were 
observed  for  catalyst  using  Ce-La-modified  alumina  as  support 
[94]. 

The  investigation  on  the  application  of  non-precious  group 
metal  based  catalysts  for  hydrocarbon  reforming  has  gained 
some  momentum  in  the  past  few  years  because  of  obvious  rea¬ 
sons.  Along  these  lines,  the  usage  of  group  VI  metal  carbides 
in  reforming  a  range  of  hydrocarbons  was  successfully  demon¬ 
strated  [96-99].  Bulk  molybdenum  carbide  catalysts  were  used 
for  steam  and/or  oxygen  reforming  of  higher  hydrocarbons  such 
as  gasoline  and  diesel  for  hydrogen  generation  in  fuel  cell  appli¬ 
cations,  without  the  necessity  of  employing  a  pre-reforming  step. 
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In  contrast  with  noble  metal  and  Ni  based  catalysts,  much  lower 
steam/carbon  ratios  were  used  and  the  catalyst  showed  a  stable 
performance  over  the  time  period  tested  [98-101]. 

5.  Reforming  of  oxygenated  hydrocarbons 

5.1.  Methanol 

Methanol  as  a  hydrogen  carrier  has  received  attention  due 
to  its  advantages  over  hydrocarbons  and  ethanol,  such  as  high 
hydrogen- to-carbon  ratio,  molecular  simplicity  (no  C-C  bond), 
relatively  low  reforming  temperatures  (250-350  °C)  due  to  its 
low  energy  chemical  bond,  and  low  sulfur  content  (<0.5  ppm). 

Hydrogen  production  by  steam  reforming  of  methanol  has 
been  successfully  demonstrated  and  a  large  variety  of  catalysts 
have  been  reported  to  be  active  for  methanol  steam  reforming. 
The  majority  of  these  have  been  copper-based  [102-105].  The 
use  of  Ce02-based  catalysts  has  shown  a  rapid  increase  in  the 
past  few  years.  CeCb  has  the  cubic  fluorite  structure  and  for¬ 
eign  cations,  such  as  Si4+,  Th4+,  Zr4+,  Y3+,  La3+,  Sc3+,  Mg2+, 
Ca2+  and  Cu2+  can  be  introduced  into  the  CeC>2  lattice  and  can 
improve  the  physical  properties  of  the  CeC>2  [106].  A  high  oxy¬ 
gen  mobility  [107],  strong  interaction  with  the  supported  metal 
(SMSI)  [108]  render  the  CeCb-based  materials  very  interesting 
for  catalysis  and  as  a  support. 

Commercial  copper-containing  water-gas  shift  and  methanol 
synthesis  catalysts  [109,1 10]  have  also  been  found  to  be  active 
for  methanol  reforming.  Shishido  et  al.  have  proposed  a  homo¬ 
geneous  precipitation  method  by  urea  hydrolysis  for  the  prepa¬ 
ration  of  active  Cu/ZnO  and  Cu/ZnO/ACCT  catalysts.  The  high 
activity  of  these  catalysts  was  attributed  to  highly  dispersed  Cu 
metal  particles  with  high  accessibility  to  methanol  and  steam 
[111],  Similarly,  a  Cu/ZrCH  catalyst  prepared  by  an  oxalate 
gel-coprecipitation  method  was  claimed  to  be  highly  active  and 
stable  in  the  methanol  steam  reforming  reaction  as  compared  to 
the  catalysts  prepared  by  conventional  aqueous-coprecipitation 
and  impregnation  methods  [112]. 

The  effect  of  promoters  on  the  activity  of  alumina  and/or 
ZnO  catalysts  was  thoroughly  investigated  for  applications  in 
low  temperature  fuel  cells.  Of  all  the  promoters  tested  (Cr,  Zr, 
Zn,  Fe)  the  addition  of  Zr,  Zn  was  able  to  enhance  the  overall 
activity  and  stability  of  copper  based  catalysts.  It  was  shown 
that  the  Zr02 -promoter  can  lower  Al  content  on  the  surface  of 
catalyst  in  effect,  and  weaken  the  interaction  between  CuO  and 
AI2O3  so  as  to  avoid  the  generation  of  C11AI2O4  spinel-type 
compound  [113-115]. 

A  new  form  of  copper  crystals  were  synthesized  and  reported 
for  methanol  steam  reforming  reactions.  Accordingly,  alloy  cat¬ 
alysts  were  prepared  by  leaching  various  structures  of  Al-Cu-Fe 
alloys  (quasi-crystal,  beta-  or  theta-phase)  in  NaOH  and  Na2CC>3 
aqueous  solutions.  At  high  temperatures  (e.g.,  360  °C),  the  cat¬ 
alytic  activity  of  the  quasi-crystal  catalyst  for  the  methanol  steam 
reforming  was  much  higher  than  that  of  other  phase  catalysts. 
It  was  proposed  that  the  high  catalytic  activity  and  the  excellent 
thermal  stability  of  copper  particles  on  quasi-crystal  catalyst 
were  due  to  the  immiscibility  of  Fe  with  Cu  and  the  interaction 
with  quasi-crystal  surface  [116]. 


A  laser  based  method  for  photo-catalytic  reforming/ 
transformation  of  methanol  at  ambient  temperature  using  n- 
type  WO3  semiconductor  catalyst  and  a  p-type  NiO  catalyst  has 
been  investigated  and  reported  [117].  A  non-explosive  mixture 
of  gases  containing  hydrogen,  carbon  monoxide  and  methane 
with  high  concentration  of  hydrogen  was  produced.  This  method 
proved  to  be  an  efficient  process  for  generation  of  hydrogen 
[117,118], 

Supported  Pt  and  Pd  based  catalysts  promoted  by  zinc,  Ru, 
and  Ti02  were  also  reported  for  steam  reforming  of  methanol 
[  1 19-122].  The  improved  activity  and  selectivity  were  attributed 
to  the  occurrence  of  SMSI  and/or  an  alloy  formation,  respec¬ 
tively. 

Oxygen  assisted  steam  reforming  of  methanol  was  also  con¬ 
ducted  on  different  supported  catalysts.  The  promoting  effect 
of  ceria  on  a  copper  oxide  catalyst  prepared  via  different 
methods  was  reported.  The  formation  of  a  solid  solution  in 
the  Ceo.9Cuo.1OY  prepared  by  complexation-combustion  (cc) 
method  resulted  in  a  better  performance  compared  to  others.  The 
incorporation  of  Cu  atoms  into  Ce02  lattice  lead  to  an  increase 
of  oxygen  vacancy  and  the  analytical  results  indicated  that  the 
Cu+  is  the  main  Cu  species  for  the  Ceo.9Cuo.iOY-cc  sample 
and  the  synergistic  function  between  Cu2+/Cu+  and  Ce4+/Ce3+ 
occurred  in  the  red-ox  cycle  [123]. 

Catalytic  performances  of  Pd/ZnO  in  oxidative  methanol 
reforming  reaction  were  studied  as  a  function  of  Pd  loading 
and  dopant  effect.  It  was  confirmed  that  the  formation  of  Pd-Zn 
alloy  is  essential  to  the  selective  production  of  hydrogen.  Cr,  Fe 
or  Cu  addition  into  Pd/ZnO  was  shown  to  increase  the  selectivity 
to  hydrogen  production  by  decreasing  CO  formation  [124,125]. 

The  steam  reforming  of  methanol  has  been  thoroughly  stud¬ 
ied  in  the  past  decade  as  discussed  above,  but  the  main  drawback 
is  its  relatively  high  toxicity.  In  contrast,  ethanol  is  less  toxic 
and  could  be  considered  a  renewable  fuel  capable  of  being  pro¬ 
duced  from  biomass.  Besides  this,  it  does  not  contribute  to  the 
increase  of  the  greenhouse  effect  since  the  steam  reforming  of 
ethanol  releases  the  same  amount  of  CO2  as  that  absorbed  by  the 
biomass.  Haga  et  al.  [126]  had  studied  the  catalytic  properties  of 
Ti,  Zr,  Cr,  Mn,  Fe,  Co,  Ni,  Cu,  Zn,  Cd,  Sb,  Ru,  Pt  orRh,  supported 
on  AFO3  for  ethanol  steam  reforming  at  400  °C,  and  concluded 
that  C0/AI2O3  catalyst  showed  more  selectivity  for  the  overall 
reaction.  Supported  cobalt  catalysts  for  ethanol  steam  reforming 
have  been  reported  by  a  number  of  researchers.  Cobalt-loaded 
(1%)  catalysts  were  prepared  by  impregnation  on  MgO,  7- 
AFO3,  SiCF,  TiC>2,  V2O5,  ZnO,  La203,  Ce02,  and  SrmOs. 
Ethanol  steam  reforming  occurred  to  a  large  degree  over  ZnO, 
La203,  Sni203 ,  and  Ce02 -supported  catalysts;  depending  on  the 
support,  different  cobalt-based  phases  were  identified:  metal¬ 
lic  cobalt  particles,  C02C,  CoO,  and  La2Co04.  ZnO-supported 
samples  showed  the  best  catalytic  performance  with  a  hydrogen 
selectivity  up  to  73.8%  [127].  The  addition  of  sodium  to  the 
ZnO  supported  Co  catalyst  showed  a  positive  effect  resulting  in 
higher  hydrogen  yield  and  stabilization  of  the  catalysts  toward 
deactivation  by  lowering  the  carbon  deposition  [128].  Higher 
cobalt  loading  (8  and  18%)  on  AFO3  and  Si02  also  yielded 
very  high  conversions  and  H2  selectivities  during  ethanol  steam 
reforming  at  relatively  lower  temperatures  (400°C)  [129,130]. 
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5.2.  Ethanol 

Reforming  of  ethanol  in  presence  of  steam  and/or  oxygen 
has  been  a  general  practice  for  hydrogen  production.  Nickel 
based  catalysts  supported  on  AI2O3,  MgO,  La2C>3,  SKD2,  Y2O3 
and  YSZ  with  additions  of  Cu,  Cr,  Zn,  Na  or  K  have  been 
investigated  for  ethanol  reforming  reactions  [131-133].  It  is 
generally  accepted  that  Ni  promotes  C-C  bond  scission  whereas 
the  additives  like  Cr,  Cu  are  the  active  agents  for  subsequent 
methanol  oxidation  to  produce  CO  and  H2 .  It  was  shown  that  the 
catalysts  Ni/Y203  and  Ni/La203  exhibit  relative  high  activity 
for  ethanol  steam  reforming  at  250  °C  with  a  conversion  of 
ethanol  of  81.9  and  80.7%,  and  a  selectivity  of  hydrogen  of  43.1 
and  49.5%,  respectively.  When  temperature  reached  320 °C, 
the  conversion  of  ethanol  increased  to  93.1  and  99.5%  and  the 
selectivity  of  hydrogen  was  53.2  and  48.5%,  respectively.  This 
was  attributed  to  the  scavenging  of  coke  deposition  on  the  Ni 
surface  by  lanthanum  oxycarbonate  species  existing  on  top  of 
the  Ni  particles  [134,135].  The  effect  of  alkali  addition  (Li, 
Na,  K)  on  nickel  catalysts  supported  on  basic  carriers  such 
as  MgO  as  opposed  to  acidic  carriers  was  also  investigated. 
In  a  more  recent  study,  it  was  found  that  Li  and  Na  promote 
the  NiO  reduction  but  negatively  affect  the  dispersion  of  the 
Ni/MgO  catalyst,  whereas  K  does  not  significantly  affect  either 
morphology  or  dispersion.  Li  and  K  enhance  the  stability  of 
Ni/MgO  mainly  by  depressing  Ni  sintering.  Coke  formation  on 
bare  and  doped  catalysts  occurs  but  with  orders  of  magnitude 
lower  than  those  claimed  for  Ni  supported  on  an  acidic  carrier. 
Coke  formation  is  strongly  suppressed  due  to  the  benefits 
induced  by  the  use  of  basic  carrier  which  positively  modify  the 
electronic  properties  of  supported  Ni  [136-138]. 

The  catalytic  performance  of  supported  noble  metal  catalysts 
for  the  steam  reforming  (SR)  and  oxidative  steam  reforming 
(OSR)  of  ethanol  has  been  investigated  in  the  temperature  range 
of  600-850  °C  with  respect  to  the  nature  of  the  active  metal¬ 
lic  phase  (Rh,  Ru,  Pt,  Pd,  Ni),  the  nature  of  the  support  (ALO3, 
Ce02,MgO,  TiC>2)andthe  metal  loading  (0-5  wt.%)  [139-141]. 
It  was  shown  that  the  alumina-supported  catalysts  are  very 
active  at  lower  temperature  for  the  dehydration  of  ethanol  to 
ethene  which,  at  higher  temperatures,  is  converted  in  to  FL,  CO, 
and  CO2  as  the  major  products  and  CH4  as  a  minor  product. 
The  order  of  activity  of  the  metals  was  Rh  >  Ru  >  Pd  >  Ni  =  Pt, 
and  for  low-loaded  catalysts,  Rh  is  significantly  more  active 
and  selective  toward  hydrogen  formation  compared  to  Ru,  Pt 
and  Pd,  which  show  a  similar  behavior  [142,143].  The  cat¬ 
alytic  performance  of  Rh  and,  particularly,  Ru  is  significantly 
improved  with  increasing  metal  loading,  leading  to  higher 
ethanol  conversions  and  hydrogen  selectivities  at  given  reac¬ 
tion  temperatures.  With  ceria/zirconia-supported  catalysts,  the 
formation  of  ethene  is  not  observed  and  the  order  of  activity  at 
higher  temperatures  is  Pt  >  Rh  >  Pd.  By  using  combinations  of 
a  ceria/zirconia-supported  metal  catalyst  with  the  alumina  sup¬ 
port  it  was  shown  that  the  formation  of  ethene  does  not  inhibit 
the  steam  reforming  reaction  at  higher  temperatures  [144,145]. 
It  was  concluded  that  the  support  plays  a  significant  role  in 
the  steam  reforming  of  ethanol  and  that  the  metal-ceria  inter¬ 
action  affects  the  adsorption-decomposition  of  ethanol  to  CH4 


and  CO  products  and  their  subsequent  reforming  reactions  with 
steam. 

5.3.  Dimethyl  ether 

Dimethyl  ether  (DME)  is  a  liquid  fuel  similar  to  LNG  and 
LPG  and  has  high  H/C  ratio  comparable  to  methanol  and  non- 
corrosive  and  innocuous  nature  unlike  methanol  [146]  and  can 
be  reformed  at  lower  temperatures  than  hydrocarbons.  Synthesis 
of  DME  from  syngas  has  been  reported  by  many  researchers, 
particularly,  DME  derived  from  regenerable  resources,  e.g. 
biomass,  will  impact  on  emission  of  CO2  and  contribute  to  real¬ 
ization  of  a  sustainable  society  [  1 46- 151].  Cu-based  spinel-type 
oxides  have  been  reported  for  steam  reforming  of  DME.  Addi¬ 
tion  of  AI2O3  to  Cu  catalysts  improved  DME  conversion  since 
hydrolysis  of  DME  was  promoted  over  acid-sites  on  AI2O3. 
Higher  catalytic  activity  was  shown  over  the  composite  of  ALO3 
and  Cu-Mn,  or  Cu-Fe,  or  Cu-Cr  oxide  than  that  of  ALO3  and 
Cu/ZnO/AL03 .  Cu-Fe  and  Cu-Mn  catalysts  demonstrated  high 
activity  for  methanol  steam  reforming,  which  was  ascribed  to 
high  performance  for  DME  steam  reforming.  It  was  shown  that 
the  selectivity  towards  hydrogen  and  CO2  could  be  easily  con¬ 
trolled  by  optimizing  the  ratio  of  Cu/Fe/Mn  and  that  of  ALO3 
[152,153], 

The  effects  of  various  supports  on  the  catalytic  activity  of 
Ga203  for  the  steam  reforming  of  DME  have  been  reported. 
Among  the  various  supported  catalysts  tested,  Ga203/Ti02  was 
reported  as  having  the  highest  DME  steam  reforming  activity 
in  terms  of  conversion  and  H2  yield  ascribed  to  an  electronic 
interaction  between  Ga203  and  Ti02  [154]. 

A  research  group  at  university  of  Wisconsin  has  recently 
demonstrated  a  novel  process  for  generating  hydrogen  from 
biomass-derived  oxygenated  compounds  such  as  methanol, 
ethylene  glycol,  glycerol,  sugars  and  sugar-alcohols  [155]. 
Unlike  reforming  for  producing  hydrogen  from  non-renewable 
petroleum  feedstocks,  the  aqueous-phase  carbohydrate  reform¬ 
ing  (ACR)  of  renewable  biomass  resources  does  not  increase  the 
levels  of  atmospheric  carbon  dioxide.  In  addition,  ACR  reac¬ 
tions  take  place  at  substantially  lower  temperatures  (e.g.  500  K) 
than  conventional  alkane  reforming  processes  (e.g.  900  K), 
which  minimizes  undesirable  decomposition  reactions  typically 
encountered  at  elevated  temperatures.  According  to  their  study, 
it  was  observed  that  the  overall  catalytic  activity  (based  on  CO2 
rate)  for  ethylene  glycol  reforming  decreases  in  the  following 
order  for  silica-supported  metals:  Pt~Ni>Ru>Rh~Pd>Ir. 
Silica  supported  Rh,  Ru  and  Ni  showed  a  low  selectivity  for  pro¬ 
duction  of  H2  compared  to  alkane  production  at  498  K,  whereas, 
Pt  and  Pd  catalysts  exhibited  relatively  high  selectivities  for  H2. 
They  have  later  proposed  a  Pt/AL03  and  Sn  modified  Ni  catalyst 
for  the  same  reaction  [156,157],  which  showed  similar  reactivity 
for  APR  of  methanol  and  ethylene  glycol  at  consistent  C/H2O 
feed  ratios,  indicating  that  C-C  bond  cleavage  is  not  rate  limiting 
for  ethylene  glycol  reforming. 

As  part  of  the  development  of  biomass  based  hydrogen  econ¬ 
omy,  some  researchers  have  focused  on  reforming  phenol  type 
compounds  for  hydrogen  production  in  fuel  cell  applications. 
Some  of  the  promising  candidates  include  MgO  and/or  Ce-Zr-O 
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Table  5 

Components  of  a  preferable  catalytic  system  depending  on  reforming  process  and  hydrogen  source 
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1st  metal 

2nd  metal 

Support/carrier/substrate 

Promoter 

Reforming  reaction 

H2  source 

Co,  Ru,  Pt,  Pd, 
Rh 

- 

AFO3 

Rare  earth  oxide,  Zr02, 

II A  oxides 

Dry,  SR,  OSR 

Gaseous  hydrocarbons:  C1-C4 

Ni,  Pt,  Ru,  Pd, 

Rh 

Co,  Mo,  Re 

Ce02,  La203,  Zr02,  Ce 
doped  ZSM5,  Ce/Zr/La 
doped  AI2O3 

Gd,  Sm 

All  reforming  reactions 

C8-C18 

Cu 

Co 

Ce02,  Zr02,  AI2O3 

ZnO,  Zr02 

SR 

Methanol 

Pt,  Pd,  Ni 

Ru,  Cr,  Cu,  Fe 

UO2,  ZnO,  La203, 

MgO 

Li,  Na,  K 

SR,  OSR 

Ethanol 

sol-gel  supported  Rh  and  Fe  catalysts.  It  was  shown  that  the 
steam  reforming  of  phenol  reaction  is  favored  over  small  Rh 
particles  and  depends  on  support  chemical  composition,  steam 
concentration  and  reaction  temperature.  However,  more  than  one 
kind  of  carbonaceous  species  was  found  to  accumulate  on  the 
Rh/Ce-Zr-0  (sol-gel)  catalyst,  which  was  later  modified  by 
adding  MgO  that  altered  the  surface  acidity  and  basicity,  thus 
influencing  the  hydrogen  activity  and  selectivity  of  the  reaction 
[158-160], 

6.  Conclusions 

Based  on  the  observations  from  the  advances  in  the  reforming 
catalyst  research  over  the  past  few  years,  the  authors  would  like 
to  propose  most  preferable  components  for  a  catalytic  system. 
The  first  four  columns  of  Table  5  represent  the  components  of 
a  catalyst  depending  up  on  the  source  of  hydrogen.  The  role  of 
a  second  metal  and  a  promoter  is  to  improve  the  overall  per¬ 
formance  of  the  catalyst  by  inhibiting  the  metal  oxidation,  coke 
deposition,  metal  sintering  or  to  improve  the  dispersion  for  an 
improved  gas-solid  reaction. 

Development  and  utilization  of  more  efficient  energy  conver¬ 
sion  devices  are  necessary  for  sustainable  and  environmentally 
friendly  development  in  the  21st  century.  While  the  novel  fuel 
reforming  catalysts  discussed  in  this  paper  incorporates  sev¬ 
eral  improvements  over  conventional  ones,  there  are  additional 
enhancements,  which  could  increase  performance. 

There  is  still  a  demand  to  create  energy-efficient  and  stable 
reforming  catalyst  and  processing  scheme,  especially  for  sulfur 
bearing  liquid  hydrocarbons.  Issues  regarding  catalyst  coking 
and  sulfur  poisoning  in  true  long-term  studies  (>2000  h  of  oper¬ 
ation)  need  to  be  addressed. 

Also,  the  development  of  cost-effective  alternatives  (group 
VI  metal  carbides,  perovskites,  hexaaluminates,  etc.)  to  noble 
metal  based  catalysts  needs  to  be  investigated. 

The  application  of  semi-conductor  processing  technology  in 
the  catalyst  development  is  relatively  new  and  the  synthesis  of 
nano-metal  catalysts  by  chemical  vapor  deposition  combined 
with  plasma/wet/dry  etching  or  ion-implantation  of  impurities  to 
modify  the  metal  sites  and  bond  energies  of  active  sites  could  be  a 
promising  route.  Similarly,  the  application  of  plasma  enhanced 
reforming  reactions  in  the  fuel  processor  development  needs 
to  be  further  explored.  At  atmospheric  gas  pressure,  catalytic 
processes  may  be  induced  by  different  plasma  activation  mech¬ 


anisms.  First  of  all  the  plasma  may  simply  cause  gas  heating, 
vibrational  excitation  and  dissociation  of  molecules.  Due  to  elec¬ 
tronic  and  ionic  collision  processes,  dissociation  of  molecules 
and  heating  proceed  much  faster  than  in  any  conventional  reac¬ 
tor/heat  exchanger.  Thus  in  a  compact  reactor  near  thermal 
degrees  of  dissociation  may  be  achieved  if  a  plasma  with  high 
specific  input  energy  density  is  applied  to  the  flowing  gas.  The 
plasma  may  generate  intermediate  species  having  a  sufficiently 
long  lifetime  to  induce  reactions  on  a  catalyst  placed  down  the 
plasma  reactor. 
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